Abstract. Many advances have been made to the DIII-D plasma control simulation environment since the previously developed hardware-in-the-loop plasma shape simulation capability was reported. In the present paper we summarize the major improvements to this simulation environment, including, introduction of the non-linear plasma evolution code DINA. Comparisons with DIU-D experimental results are presented. Recent model developments in advanced neoclassical tearing mode JNTM) and resistive wall mode (RWM) control are presented.
I. INTRODUCTION The DIII-D experimental program is rapidly evolving toward development of sustainable Advanced Tokamak (AT j plasma configurations [I 1. The great flexibility of the DIII-D machine, with its 18 close fitting poloidal field control coils, 20 MW of neutral beam injection, 6 MW of electron cyclotron heating, and extensive set of diagnostics, makes this machine a leader in AT plasma development. Critical to DIII-D's AT mission is internal plasma profile control. This requires accurate modeling tools, flexible real-time control architecture and advanced control methodologies. Over the years General Atomics has continued to develop state-of-the-art tools required to meet the objectives of our AT based mission. This paper summarizes several aspects of our model-based advanced control effort, which have been evolving since last reported 121.
A complete suite of debign, analysis and simulation tools has been developed to better implement real time controllers for AT operation in DIII-D [3] . The collection of software consists of model-based algorithms to simulate DC power supplies, fast switched power supplies, field shaping and Ohmic heating coils, passive vacuum vessel, linear plasma response, data filters, magnetic diagnostics and AID and D/A signal converters [ 2 ] . The validated algorithms provide a foundation for model-based controller design and are used in combination to build a complete simulator of the DIU-D machine for model and controller validation. This simulation environment, in conjunction with the flexible software architecture implemented i n the plasma control system (PCS) 141, allows for a complete software simulation of the plasma shape control system using the DIII-D simulator as a hardware-in-the-loop component and provides the ability to test and validate newly developed control algorithms without requiring costly experimental time 121.
In addition to the machine component models, a complete set of controller design tools has been developed to implement advanced real-time control algorithms. An example of their uses is in the development and implementation of multi-inputmulti-output (MIMO) shape controllers for better plasma shape control 151. The tokamak analysis tools are implemented in the MATLAB/SIMULINKTM computational environment? 
II. DINA IMPLEMENTATION
The DINA code 161 is an axisymmetric time dependent equilibrium evolution code. It contains many models for relevant tokamak subsystems including PF circuits, energy transport, neutral beam injection, electron cyclotron heating, current drive, bootstrap currents and a-particle heating. It has many advantages over the linear model [7) used in the past, including non-linear response, internal pIasma profile evolution, and numerous plasma-actuator interaction modules. In the present implementation, only the plasma evolution aspects of the code and profile modifications associated with electron cyclotron current drive (ECCDj are utilized within our environment. This implementation allowed utilization of the model in the design of algorithms for NTM suppression using ECCD deposition,
The DlNA code is written in FORTRAN and is implemented within our MATLAB/SIMULINKTM environment using a "MEX S-function". A similar implementation has been used in the analysis of TCV for simulation of electron cyclotron heating and current drive [SI. In our implementation, the machine and plasma functions are handled separately, following a block-oriented modeling philosophy. The PF-coiI circuit equations are constructed and solved separately from the plasma evolution equations, which are handled within DINA. An example of separation of the coil system from the plasma system is shown below from the circuit representation of the combined PF/plasma system [TI:
This can be written in a block-oriented feedback mode for the device specific dynamics of the PF-coil system as:
and for the piasma block dynamics as:
where: I is current, V is voltage, M and L are inductances, R is resistance, w is flux, r tk z are plasma displacements and t is time. Subscripts s and p correspond to the coil system and plasma, respectively and Vioop is the voltage on each coil from the plasma. In the above equations variations in the plasma internal parameters like p, and 4 have been neglected, The DINA module replaces the plasma response functions in the above formulation where the inputhutput functions of the DINA block are the PF-coil current states (I,) and the voltage imposed at the coils (V,vloop) the plasma, respectively. The DINA plasmdcircuit model in Fig. 1 , is expanded in detail in Fig. 2 . The connection between the S-function, DINA block and the DIII-D simulation environment is' through direct-feed and feed-back loops between the DIII-D circuit model and DINA plasma evolution model. The circuit model consists of the state-space description of the polaidal field (PF) and vaccum vessel (VV) conductors, assembled and constrained based on a particular DIII-D discharge configuration. Coil currents from the state-space model are passed to the DINA model. These currents, along with the conductor to plasma influence matrix, provide DINA with external magnetic perturbations in the plasma. Conversely, the DINA module computes plasma voltages at each conductor and feeds this back to the circuit model for combination with the power supply voltages. Diagnostic signal outputs consist of the sum of PF, vessel and plasma contributions.
HI. DINA COMPARISON WlTH DIII-D EXPERIMENTS
Comparisons between the simulator output and DIII-D experimental results show good agreement for the discharges studied. In performing the comparisons the system is initialized using an EFIT [9] reconstruction of the plasma from DIII-D diagnostic data. The overall system is unstable to vertical motion and must be stabilized with a feed back loop when running in open loop and using DIII-D data as input. This feed back loop is shown around the DINNcircuit module in Fig. 1 and its parameters are set to those used in the experiment. When operating the simulator in closed loop feed back with the PCS this loop is disabled and the PCS provides stabilization. Within the DINA model the plasma evolution includes magnetic diffusion and the initial resistivity is set to match Ohmic dissipation during the discharge. The DIZI-D actuator data (PF power supply commands from the plasma control s stem) from shot archives is input to the simulator simulator to the digital inputs is output at output port: 'Q Diagnostic Out" and recorded for comparison with actual discharge data. Fig. 3 shows a typical comparison for a moderate beta, double-null discharge (shot 99652). In this shot there is a preprogrammed rigid radial shift in the plasma from 3.5 to 4.5 s . The plasma is controlled with a +5 cm to -2 cm (Port: ''4 Command In" in Fig. 1 . The plasma is rigidly moved in the radial direction during the 3.5 to 4.5s test period.
with the experimental results. The radial motion of the plasma is very accurately simulated. Small variation in shape near the X-point are, in part, due to a lower resolution grid used in DINA and small shape variations toward the end of the discharge are attributable to the preViQUSly discussed beam dropout.
IV. MHD STABILITY CONTROL DEVELOPMENTS
A number of models and control algorithms have been developed for active suppression of MHD instabilities including NTM and RWM modes.
The NTM is stabilized in DIU-D by application a€ ECCD at the island location to replace the missing bootstrap current which characterizes the mode. Since the location of the island cannot be directly measured in DUI-D in realtime, the optimal alignment is found through one of two search algorithms. The "Search and Suppress" algorithm performs a scan across a specified region by moving the plasma major radius or adjusting the toroidal field in discrete steps and monitoring the mode amplitude (which can be measured). The reduction in mode amplitude reflects the island size, and allows the controller to infer the degree of alignment, freezing the major radius or toroidal field at the optimal value until the mode is eliminated. An alternate approach, the "Target Lock" algorithm, estimates the location of the island based on the dynamic response of the mode amplitude as the plasma major radius or toroidal field is perturbed. The algorithm uses the Modified Rutherford Equation (MRE) [lo] to model the predicted island response and infer its location from the observed dynamic response. Each discrete estimate produces a command for a new position or field value, and the resulting effect on the mode allows the Target Lock algorithm to further refine the estimate, eventually homing in on the correct ai ignment .
The proper function of these two algorithms requires careful selection of a set of parameters describing the nonlinear calculation and logic of the controllers. In order to determine the best choices for these parameters and test the function of the controllers, two different types of simulation are used. In one type of simulation, the MRE is used to describe the island evolution in response to applied ECCD depending on the degree of alignment. The current drive can be predicted using the DINA ECCD model, or taken from experiment. The DINA simulation allows full closed loop testing to optimize parameters. The second type of simulation uses experimental data from an actual NTM discharge to drive the control algorithm in open loop. This allows validation of the control algorithm, checking of units and diagnostic signals, and testing of the actual implementation in the PCS. Fig. 5 shows the result of such a simulation using data from a DIII-D discharge in which Search and Suppress was used to stabilize the 211 NTM by varying the toroidal field (Bt, shown in the lower frame}. The mode amplitude history from the experiment is indicated in the upper frame as "Search and Suppress." Given the same data available from that discharge, the Target Lock algorithm produces t h e more rapid suppression history indicated. The "Maximum Suppression" trace in the figure is a theoretical best possible (simulated} suppression. The simulation thus indicates that the Target Lock algorithm should improve the suppression rate over that produced by the Search and Suppress, but would not achieve the maximum suppression rate possible which is produced by ideal alignment from the moment the control is enabled.
Several new RWM models and controllers have also been developed. Improved RWM control is produced by combining a static matched filter technique with a dynamic Kalman filter 
V. CONCLUSIONS
The DIII-D simulation environment has been enhanced with the addition of the non-linear plasma evolution code, DINA. A modular approach has been developed to allow introduction of any plasma model, independent of DIII-I) system-specific algorithms. This technique allows for easy introduction of other plasma models and for application to other tokamak machines. Comparisons of the model with results of the DIII-D experiment show excellent agreement, The new modeIs and controIlers have been made for NTM and RWM suppression.
